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a b s t r a c t
hesive failure of the adhesive layer of an adhesively bonded joint under uniaxial
c conditions is discussed as an approximation to the behaviour of adhesively bonded
ensional ﬁnite element model of a single lap joint was developed using the com
s. Cohesive Zone Models (CZM) coupled to Finite Element Analysis, were used to
ength of the joint. They allowed the prediction of the initiation of the crack and its
verned by a traction separation law, which can acquire different shapes. The nu
idering a linear cohesive law, was validated with 2D numerical and experimental
the literature. The effect of different cohesive law shapes, such as exponential and
failure load of the joint was studied. In addition, a cohesive parametric analysis was
the adhesive toughness and cohesive strength. The most suitable cohesive law was
e the failure load results were close to the experimental data taken from the liter
strength is identiﬁed as the most inﬂuential parameter on the studied variable.1. Introduction
Structural components made of composite materials are widely
used in several ﬁelds, such as the aircraft industry, due to its
excellent mechanical and lightness properties, representing a
reduction in theweight and, consequently, lower fuel consumption.
The high level of integration and large size of these components
may make very difﬁcult the replacement of damaged parts during
its service life. The repair of the damaged components is an efﬁcient
solution that saves economic and temporal costs.
In contrast to mechanical repairs, adhesively bonded repairs
offer certain advantages being the most suitable to thin laminates.
In particular, patched repairs are more efﬁcient than scarf repairs,
which requires small bevel angles that result in additional damage
when considering thin laminates [1]. Most repair techniques
involve removing the damaged material, creating a hole, whose
presence may modify the state of load on the structure, reducing
the bearing capacity and fatigue life due to the appearance of stress
concentration in the area near the hole. Thus, adhesively patch
repairs are designed to minimise these stress concentrators-Saez).without adding weight [2e4]. In addition, these repairs present
non uniform shear and peeling stresses distributions inside the
adhesive that give stress concentrations in the overlap edges [5],
resulting that the adhesive failure is the main damage mechanism
in a repaired plate. The overall failure of a repaired plate is sensitive
to the adhesive properties and adhesive parameters related. Thus, it
is important to perform parametric studies to determine the
sensitivity of the repair behaviour to the damage evolution and the
adhesive parameters selected [6]. Several authors have studied the
behaviour of these repairs [7e10], being fewer who focus their
efforts on analysing the inﬂuence of different parameters on the
failure load [11,12].
Differentmethods are used to predict the stresses of an adhesive
repair: analytical, numerical, and experimental [5,13]. In the last
years, the use of progressive damage models, such as the Cohesive
Zone Models (CZM) couple to Finite Element Analysis (FEA), was
extended in front of Virtual Crack Closure Technique (VCCT)
restricted to the Linear Elastic Fracture Mechanics (LEFM) which
needs the existence of an initial crack [14e16]. CZM predict the
onset of failure and its growth within regions of continuous ma
terials or interfaces between different materials, resulting in more
accurate results [5]. The crack growth is controlled by a traction
separation law, being the linear, due to its simplicity, the expo
nential, and the trapezoidal the most used [17e19].1
Table 1
Elastic orthotropic properties of the adherend in the ﬁbres direction [27].
Elastic modulus [MPa] Poisson ratio Shear modulus [MPa]
Ex 109 103 nxy 0.342 Gxy 4315
Ey 8819 nxz 0.342 Gxz 4315
Ez 8819 nyz 0.380 Gyz 3200Some authors approximate adhesively bonded repairs to single
lap joints [7,20]. In this context, a detailed analysis of the critical
parameters affecting the integrity of adhesive joints (i.e. geometry
modiﬁcations, overlap length and adhesive properties) is needed.
Recent research investigations on single lap joints formulate pre
dictive equations considering thin laminates bonded to pre
existing members, in order to study the collapse of the adhesive
joint and optimal bonding length [21,22]. Many studies dealing
with CZM [23] develop two dimensional ﬁnite element models to
simplify the computational cost; however, an exhaustive analysis of
the behaviour of a repair requires three dimensional models in
order to obtain accurate results [13,24e27].
In the present work, a 3D numerical model was implemented by
using Abaqus ﬁnite element code, which was validated with nu
merical and experimental results extracted from the literature. The
inﬂuence of the cohesive law shape (linear, exponential and trap
ezoidal) and certain adhesive parameters (fracture toughness and
cohesive strength) on the adhesively bonded single lap joint fail
ure load was analysed, considering the cohesive failure of the
adhesive.2. Problem description
As a ﬁrst approach to the study of the behaviour of adhesively
bonded patch repairs, a single lap CFRP joint was analysed. To
achieve this purpose, a three dimensional numerical model of an
adhesively bonded single lap joint under uniaxial tensile loads in
static conditions was developed by using the ﬁnite element code
Abaqus/Standard [28], considering non linear effects.
The geometry considered consists of two laminates of unidi
rectional carbon epoxy, [0]16 lay up and a thickness for each lamina
of 0.15 mm, bonded with an epoxy adhesive, Araldite 2015 (Fig. 1).
The total length between the two end edges is Lt 240 mm, while
its depth is b 15 mm. The length of the bonded area L was
modiﬁed for values from 10 mm to 80 mm. The considered ge
ometry was taken from the literature [29] in order to validate the
proposed numerical model.
The main failure mechanism of a repaired structure is the ad
hesive failure. Therefore, this work is focused on the study of the
adhesive behaviour under tensile loads. In particular, the cohesive
failure in the adhesive layer was analysed. Thus, the effect of the
variation of several cohesive parameters on the maximum load,
that causes the joint failure, was studied.2.1. Numerical model
Each composite adherend was modelled as orthotropic, linear
elastic (Table 1). The selected adhesive was modelled by using the
mixed mode CZM formulation with a traction separation law
(Table 2). The adhesive is characterised by a ductile behaviour due
to the wide difference between the fracture toughness GCn in theFig. 1. Single-lap joint conﬁguration: genormal direction (x axis) and GCs and G
C
s in the shear directions (y
and z axis, respectively).
The adhesive stiffness was deﬁned as the ratio of the normal
modulus (E) and shear modulus (G) to its thickness (t), Eqs. (1) and
(2)
Kn
E
t
(1)
Ks Kt
G
t
(2)
where Kn, Ks and Kt are the stiffness of the cohesive elements in the
normal and shear directions.
To simulate the experimental test conditions, one of the edges
was clamped, while the opposite end was pulled in tension by
imposing a constant and uniform displacement through this end
(Fig. 1). A sensitivity analysis was carried out to ensure that the
model was capable of accurately calculating the stresses and
associated deformations; as a result, the mesh of the adherends
consisted of 75,000 eight node continuum shell elements with
reduced integration (SC8R in Abaqus). For an overlap length of
10 mm, the mesh of adhesive consisted of 3750 eight node three
dimensional cohesive elements (COH3D8 in Abaqus) compatible
with the previous elements used. In addition, a mesh reﬁnement
was applied nearby the bonded area, to obtain more accurate re
sults in this zone (Fig. 2). The surface to surface contact interaction
was used to deﬁne the contact between the composite plates and
the adhesive.
2.2. Progressive damage analysis
CZM reproduce the adhesive behaviour in terms of cohesive
traction separation response, in which different damage mecha
nisms occur simultaneously. Each mechanism consists of a damage
initiation, which depends on the criterion chosen, a damage evo
lution that produces a stiffness reduction up to failure due to the
progressive adhesive degradation, and the element removal when
that failure is attained.
It is assumed that damage occurs in a local zonewhere the stress
grows until a peak value t0n in the normal direction and, t
0
s and t
0
t in
shear directions, simulating the linear elastic behaviour. This
behaviour is deﬁned by a constitutive elastic matrix that relates the
nominal stresses to the nominal strains across the interface, and
can be written as follows in Eq. (3):ometry and boundary conditions.
2
Table 2
Adhesive properties of the Araldite 2015 for CZM modelling [27].
Elastic and shear modulus [GPa] Fracture toughness [N/mm] Cohesive strength [MPa]
E 1.85
G 0.56
GCn 0.43 tCn 21.63
GCs 4.70 t
C
s 17.90
GCt 4.70 t
C
t 17.90
Fig. 2. Detail of the overlap length of 10 mm of the adhesively-bonded joint mesh.
Fig. 3. Linear damage evolution law, extrapolable to the exponential and trapezoidal
laws.t
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where tn, ts and tt are the traction stresses in the normal and shear
directions respectively while εn, εs and εt represent the strains in
those same directions normal and shear. Meanwhile, K is the
stiffness matrix related to the adhesive properties.
The damage initiation refers to the beginning of the degradation
of the material when the stresses satisfy the chosen criterion. Some
authors have investigated the effect of the interface failure criteria
[30,31] and several damage initiation criteria are available in Aba
qus for cohesive elements. The criterion used in this work is the
quadratic nominal stress criterion (QUADS) based on [32], which is
given by Eq. (4):
(
tn
t0n
)2
þ
(
ts
t0s
)2
þ
(
tt
t0t
)2
1 (4)
Once the damage initiation criterion is fulﬁlled, the material
damage occurs according to a damage evolution law (Eq. (5)),
which describes the rate at which the adhesive stiffness is
degraded. A scalar damage variable D, that represents the
overall damage in the adhesive, is deﬁned. Initially, D has a value
of 0, which implies that no damage has been occurred, and
corresponds to the elastic region. After the initiation of the
damage this value increases until 1, when the material is fully
damaged.
tn
 ð1 DÞtn; tn  0
tn no damage
ts ð1 DÞts
tt ð1 DÞtt
(5)
where tn, ts and tt are the traction stresses in each direction pre
dicted by the elastic traction separation behaviour without damage
(Fig. 3).
In this work the inﬂuence of different shapes of damage evo
lution was analysed and linear, exponential and trapezoidal laws
were used (Fig. 4). For linear softening (Fig. 4a) the expression of
the damage variable D is deﬁned as follows in Eq. (6).D
d
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m d
0
m
 (6)
where dmaxm is the maximum value of the effective displacement
achieved, and d0m and d
f
m are the effective initial and ﬁnal dis
placements, respectively. These effective displacements can be
calculated as shown in Eq. (7):
dm d
2
n þ d2s þ d2t
q
(7)
The exponential softening (Fig. 4b) can be expressed as Eq. (8):
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where a is a non dimensional material parameter that deﬁnes the
rate of damage. It is related to the speciﬁc material properties, and
for a 0 the linear law is achieved. Different values for this variable
have been taken in order to study its inﬂuence on the results. A
value of a 7 was chosen to have a clearly distinction with the
linear evolution and to be able to contrast the results with the
available literature [29]. This choice means a faster degradation
after the beginning of the damage. The trapezoidal law (Fig. 4c)
takes the form in Eq. (9):
8>><
>>:
D 1
(
d0m
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for d0m < d  dSm
D 1

m$dm þ b
Knn;ss;tt$dm

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(9)3
Fig. 4. Damage evolution laws considered: a) linear, b) exponential and c) trapezoidal.where dmS is the effective stress softening displacements, and m and
b are parameters that determine the drop of the stress, and can be
calculated as expressed in Eqs. (10) and (11):
m
t0n;s;t
d
f
m d
S
m
(10)
b t0n;s;t m$d
S
m (11)
In this law, two regions can be differentiated: the ﬁrst, where
the stress maintains its value extending from d0m to d
S
m, and the
second, where the stress value drops until it reaches 0, extending
from dSm to d
f
m.
2.3. Model validation
The 3D numerical model results were validated comparing with
the experimental and 2D numerical data available in the literature
[29]. The variable used in the validationwas the loadedisplacement
curve, which represents the behaviour of the adhesively bonded
single lap joint under uniaxial tensile loads in static conditions.
Results show two different regions: in a ﬁrst stage, the load in
creases linearly until a peak is reached. In the second stage, the
damage begins to develop and the load value decrease as a result of
the stiffness degradation of the adhesive until it reaches the com
plete failure.
The results comparison is shown in Fig. 5 for two different
overlap lengths L0 10 mm (Fig. 5a) and L0 80 mm (Fig. 5b)
which allowed the comparison with results from Campilho et al.
[29]. In both 2D and 3D models, the CZM linear law (Fig. 4a) was
considered.
The numerical results obtained from the 3D model developed
are in great agreement with both experimental and 2D numericalresults taken from the literature. The maximum load value for
10 mm overlap length is 2.57 kN, while for 80 mm is 18.50 kN.
These values are slightly higher regarding the 2D numerical results.
The differences between them and the results from the literature
(both numerical and experimental) are less than 5% in either case.
The effect of the variation of the cohesive parameters of the
evolution law, such as adhesive toughness or cohesive strength,
was validated. Results were analysed changing one of these pa
rameters in the normal and shear directions, while keeping the
other parameter unchanged. For both cohesive parameters, the
reference values were varied from 80% to þ100% at constant in
tervals of 20% (Fig. 6).
Results for overlap lengths of L0 10 mm and L0 80 mmwere
compared with the results from Campilho et al. [29] (Fig. 7).
The results show great agreement with the 2D numerical results
taken from the literature. Variations on fracture toughness above
the reference values, resulted in increments of the peak load that do
not exceed 10% for the longest overlap studied (L0 80 mm).
Variations of this cohesive parameter below the reference value,
resulted in a reduction of the failure load between 7% and 45%
approximately. When decreasing the cohesive strength, the varia
tions for the different overlaps were similar between them, and
close to the variation of the cohesive parameter magnitude. In
crements of this parameter resulted in large increases of the failure
load, being higher with decreasing overlap length (90.54% for
L0 10 mm).3. Results
3.1. Effect of the cohesive law shape
The inﬂuence of the traction separation law shape on the tensile
behaviour of the adhesively single lap joint was analysed. The4
Fig. 5. Validation of the numerical model: load-displacement curves for overlaps
lengths of a) L0 10 mm and b) L0 80 mm.obtained results, for the linear, exponential and trapezoidal cohe
sive laws, have been compared with the experimental results of
Campilho et al. [29] for different overlaps lengths, ranging between
10 mm and 80 mm. Fig. 8 shows the percentage variations of the
maximum load attained between the 3D numerical model results
and the experimental data taken from the literature.
Results gave good predictions of failure load when compared
with the experimental values, showing variations less than ±7% for
any cohesive law considered. The exponential law overestimated
the maximum load for the full range of lengths analysed due to the
delay in reaching the softening. Both linear and trapezoidal laws
overestimated the maximum load for overlaps below 40 mm;
however, for overlaps above 40mm, this valuewas underestimated.
Attending to these variations, the trapezoidal law presented thebest ﬁt to the experimental results as this law captures the plastic
ﬂow of the adhesive showing a ductile behaviour.
In addition, in order to analyse the role played by the width of
the adherends (b) on the maximum failure load, numerical analysis
for joints with half and double the reference width (7.5 mm and
30 mmm, respectively) were carried out using linear, exponential
and trapezoidal cohesive laws. Results showed a directly propor
tional relationship between failure load and width of the adher
ends, presenting differences below 5%.
3.2. Variation of cohesive parameters of the cohesive law
In order to study the inﬂuence of the damage evolution law on
the failure load of the joint, two cohesive parameter values (frac
ture toughness and cohesive strength) for different overlap lengths
(10 mm, 30 mm, 60 mm and 80 mm) were changed. Particularly,
the exponential and trapezoidal CZM laws were considered. All
results have been presented in percentage variations, as the ratio of
the maximum load attained for the modiﬁed cohesive parameter to
the maximum load for the reference case with the original cohesive
parameters.
3.2.1. Effect of the variation of cohesive parameters of the
exponential law
The effect of the variation of cohesive parameters of the expo
nential law (Fig. 4b) was studied varying the fracture toughness and
the cohesive strength by 50%,þ50% andþ100% separately (Fig. 9),
and for four different overlap lengths. The studied parameters have
been modiﬁed in both normal and shear directions.
The percentage variations when changing each cohesive
parameter for the different overlaps, are shown if Fig. 10. The ten
dency was the same for both parameters regarding the results
obtained when validating the linear law, but the variations when
studying the fracture toughness were lower. When increasing or
decreasing the fracture toughness (Fig. 10a), the higher variations
that are found in the maximum load are less than þ6% and 10%
respectively, which correspond to the longest overlap results. Thus,
changes on this parameter do not cause signiﬁcantly variations on
the failure load.
When changing the cohesive strength (Fig. 10b), the highest
variations occurred for the shortest overlap (L0 10 mm), that vary
in a linear manner in the different cases considered, from 49.55%
to þ93.05%. These variations are similar to the percentage variation
of the cohesive strength. Decrements of this parameter, caused the
same effect on the different overlap lengths. Increments caused
signiﬁcant variations, but not as noticeable as those observed for
10 mm overlap. For L0 80 mm, the variations when increasing the
cohesive strength þ50% and þ100%, are very close (þ35.51%
and þ38.87% respectively). Thus, the effect on the failure load of
increasing this parameter above þ50% is reduced with the incre
ment of the overlap length.
3.2.2. Effect of the variation of cohesive parameters of the
trapezoidal law
As presented in the previous section, the fracture toughness and
cohesive strength were varied by 50%, þ50% and þ100% sepa
rately (Fig. 11) and for the same overlap lengths.
Fig. 12 shows the results for the trapezoidal law. The variations
on the maximum load are smaller than þ2% when increasing the
fracture toughness (Fig. 12a). Only the longest overlap presented a
more signiﬁcant variation ( 15.38%) when the cohesive parameter
decreased by 50%. In this case, the maximum shear stresses are
higher, resulting in the reduction of the maximum load due to the
cohesive failure.5
Fig. 6. Cohesive linear law: variation of the a) adhesive toughness and b) cohesive strength (Applicable on the normal and shear directions).
Fig. 7. Linear law: effects of the variation of the cohesive parameters for overlap lengths of L0 10 mm and L0 80 mm:a) fracture toughness and b) cohesive strength.
Fig. 8. Percentage variation between the 3D numerical results and the experimental
results [27] for the different traction-separation laws.A diminution of the cohesive strength (Fig. 12b) caused re
ductions on the failure load, between a 30% and 37% for the
overlap lengths studied, except for L0 10 mm. With increasing
cohesive strength, higher variations occurred for the shortest
overlaps (L0 10 mm and L0 30 mm), in which the variations
keep increasing. However, for longest overlaps (L0 60 mm and
L0 80mm) increasing the cohesive strength byþ100%, produces a
decrement, about 1% and 3% respectively, in the maximum load
regarding to results with cohesive strength byþ50%. This fact is due
to the similarity of the modiﬁed trapezoidal law to an equivalent
linear law, with the same cohesive strength and ﬁnal relative
displacement. Consequently, the fracture toughness of the equiva
lent linear law is lower but, as stated in previous sections, this
change does not result in signiﬁcant variations. Thus, for overlap
length above 40 mm, the variation of the cohesive strength does
not describe the plastic ﬂow inside the adhesive, since the second
part of the curve (where the stresses are constant) is shorter than
the reference law.
4. Conclusions
In this work, the inﬂuence of the damage evolution law
shape and cohesive parameters, for different overlap lengths,
on the behaviour of an adhesively single lap joint under6
Fig. 9. Cohesive exponential law: variation of the a) adhesive toughness and b) cohesive strength (Applicable on the normal and shear directions).
Fig. 10. Exponential law: effects of the variation of cohesive parameters on the failure load changing a) the fracture toughness and b) the cohesive strength.
Fig. 11. Cohesive trapezoidal law: variation of the a) adhesive toughness and b) cohesive strength (applicable on the normal and shear directions).uniaxial tensile loads in static conditions was analysed. Virtual
tensile tests varying the fracture toughness and cohesive
strength were performed by developing a numerical model
using Abaqus/Standard validated with available results in the
literature.
The 3D numerical model developed reproduces the behaviour of
the joint with high accuracy regarding to the results of the litera
ture. Maximum load values of the 3D numerical model were higher
than the obtained by Campilho et al. [29] in their 2D numerical
model, and therefore more conservative. The different cohesive
laws studied showed differences below the ±7% in any case. The
exponential law overestimated the failure load for all overlap
length. The linear and trapezoidal laws overestimated themaximum load for overlaps less than 40 mmwhile underestimated
for overlaps greater than 40 mm.
The adhesive considered is a ductile adhesive that showed a
large plastic ﬂow. The trapezoidal law captured this behaviour,
presenting closer results to the experimental ones, than the others
laws. Thereby, it is important to use a suitable cohesive law shape
according to the adhesive employed and its behaviour.
The parametric study showed that the maximum load is sensi
tive to both cohesive parameters considered, fracture toughness
and cohesive strength. However, this failure load is more sensitive
to the cohesive strength than to the fracture toughness when using
any of the cohesive laws studied. Highest variations for the fracture
toughness occurred for the longest overlaps. Linear and7
Fig. 12. Trapezoidal law: effects of the variation of cohesive parameters on the failure load changing a) the fracture toughness and b) the cohesive strength.exponential cohesive laws presented a similar behaviour when
varying these cohesive parameters, although the exponential law
resulted in high variations for the longest overlaps when increasing
the cohesive strength due to the delay of the adhesive softening
(~þ25% for the linear, which underestimated the load, and ~ þ40%
for the exponential, which overestimated the load). The trapezoidal
law presented variations below the maximum reference load
(~ 8%) due to the similarity of the modiﬁed law to an equivalent
linear law, since the constant stress section is very short and do not
capture the plastic ﬂow in the adhesive.
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